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Definition of Symbols 


Area - gguare inches 

Specific Heat at Constant Pressure Atu/1d. °F 
Specific Heat at Conatant Volume 3tu/1lb.°P 
Gravitational Constent 52.16 rt/sec/sec. 
Lower heating value of fuel 19100 Btu/lb. 
inthelny Btu/ld. 

Conversion feetor 778 ft-1ba/3tu 

Ratiec of specific heats 

Ratio of enecifie heats Tor Combustion Gees 
Gorpressor work | 3tu 

Ket work 

Turbine work Btu 

Logarithm te the base ¢ 

Rachine Nunber 

thermal efficiensy percent 

Gompressor efficiency percent 

furbine efficiency percent 

static pressure pounds/square ingh 

Yotal pressure pounés/aquare inoeh 

Gas constant Loa. ft/ % 

Gas Constant for Combustion Gases los. ft/ R 
imtropy for conetant presgeure »crocesses Btu/id Vv 
Entropy for constant temp. nrocesses Btu/ld "se 
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Total temperature PR 

Téeal total temperature 

Volume cubie feet 

Velocity at turbine nozzle throat ft/see 
furbine wheel blade speed ft/sec 

Weight of fuel lbs. 

Weight of Compressor air lds. 

Weitaht of Bleed off air Lda. 
Water-fuel retio lbs. water/1b. fuel 
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The &ffect of Kater Injection on the 


Educational Gas furbine 


I. Introduction 

During the ecourge of satufy at Rensselaer 
Polytechnic Inatitute in the gas turbine field, one 
of the major timitations of gue turbine anpynlication 
was discussedc very frequently. That limitation was 
the fect that the gas turbine has a very limited range 
of operation due to the very emell margin between the 
gross work of the turbine end the zross work of the 
compressor. This margin, or net work, ineresases aa 
turbine inlet temperatures increase, but the acstam 
temreratures at the turbine inlet are limited by avail- 
able materials. 

Several suggestions for inereasing the net 
work of a gas turbine cycle have been put forth. They 
include inereasing the machine efficiencies of the 
turbines and compressors Sy dvetter desizn, inerease 
of turbine inlet temperatures by use of better materials 
for burners and turbines, use of wat commoression to 
inecreese the censity of the working medium and to in- 
crease compressor efficiency, and the use of water 
injection in the combustion chamber as an ecPfective 


means Of: lowering maximum combustor and turbine 
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Page 2 
temperatures and as a means of increasing the turbine 
work output without increasing the work of compression. 

In Jenuary 1947, the Mechanical sngineering 
Department of Nengselaer rolytechnic Institute received 
an ZSéucational Gas Turbine from the aircraft Gas turbine 
division of the General Slectriec “Company at West Lynn, 
Massachusette. This gas turbine is a type 322 turbo 
supercharger equinped with a combuetion chamber, con- 
pressor inlet flow nozzle venture, compressor discharge 
bleed of f and accessory equipment for use in the stuAy 
of gas turbine performance. <A complete @esecrintion of 
the unit is containeé in reference l. 

The unit, as constructed, has 2 very low thermal 
efficiency, extremely small overating ranzee ant a small 
output of bleed off air. <Altnough the vrimary purpose 
of the unit ta for educational purposes conriectet with 
the study of gas turbines, 1t is honefé that the machine 
can elso be uged to magment the supsly of compressed air 
thiech is usec to a consiterable extent in the laboratory 
in which this gas turbine is installed. 

Sinee the turbine has alreaty been fabricated 
and ie at present writing being inetalled, it appears 
that the simplest method of altering it to inerease the 
output of bleed off air is the installation of a water 


injection syatem in the comduetion chamber. 
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Page 3 
The purpose of this paper is to predict the 
performance of the “déucational Ges turbine when such 


a weter injection system ie installed. 


II, Main Text 

4‘ @lagram showing the main components of the 
gag turbine witn a water injection aystem, together with 
the reference voints used in the computations is show 
in Figure 10. 

tne compressor and turbine @nta used in the 
esleulations are dDased on the curves of Eatimnated Com- 
pressor Performance and aurves of Typical Turbine iffic- 
lencies, Figure 1 and Yigure 2, which were obtained from 
reference 1. The values of enthalpy and entropy for the 
various gases of combustion sre obtained from ffiecks Gas 
Tables in reference 2 and from reference 3. The values 
of R (gas constant) were obteined from reference 4. The 
values of Cy for the computation of the ratio of specific 
heata of the gases of combustion are obtained from figures 
16 through 20. Figure 16 through figure 2) were ebtained 
from reference 5. The Cp used in each case is obteined 
from the experimental ourve on the greph and not from the 
straight line approximation of the curve. It is to be 
noted that the value of Cy obtained is in unite of Btu 
per pound mole devzree Fehrenheit. In ordcer to use the 


values in the computstions, they mast be divided by the 


moleculsr weight of the gas. 
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Pare 4 

All computations are baseté on a fuel composition 
of 85 per cent carbdon snd 15 per eent nydrogen with a Lower 
heating value of 19100 3.teue ver pound. ry atmospheric 
air at 70°F (530°R) 13 agasumed at the entrance of the 
compressor. The water injected in the combustion chember 
is assumed to be in the liquid state at 70° and to be 
pure so as to prevent minoral deposits from forming in 
the machinery. ‘The work necessary to operate all auxiliaries 
such as the water sumo for water injection snd the btlower 
for cooling air to the turbine has been neglected since 
the power source for these auxiliaries comes from an out- 
side source rather than from the gross work of the turbine. 
The pressure drop through the burner and piping nave been 


neglected meking 


292 = Pos 








Pol ? 06 

At present, there have been no measurements of 
the actual prexsurve loss from the compressor to the turbine, 
go it wee decided that calculations would »e meade on the 
basis that these losses sre equal to zero. This assunption 
results in an over prediction of results, in that the net 
work output as caleulated ia higher than what can actually 
be expectec from tne unit. Experimental cata on verform- 
enee will thus modify the results obtained in this paper 
slightly. {[t ia not expected, however, that experimental 
Gata will modify the basic conelusions drawn from this 
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Page 5 
The caleulation for thermal efficieney is 
basec on the assumption that the machine using the bleed 
off air is 100% efficient. Any Llosees that oecur in the 
use of the bleed off air should be properly chargef to 


the machine using the air. 


Caleulations: 

The detailed caleulaticns for each compressor 
pressure ratio and each Duirner temperature chosen appear 
in the eaprendices. “ach rznpnendlix mhows the ast of eal- 
eulations for one presaure ratio-temcerature combination 
using the water fuel ratio (x) ae the varinble. In each 
set of calculations the water-fuel ratio was increased 
from 9 to the maximum amount of water ver pound of tMel 
that could be used anf still obtain perfect combustion. 
Thus the maximuwa water fuel ratio varies from 7 with a 
burner temperntnure of 1960° x to 9 when the burner temper- 
ature is 1660°R. . 

In oréer to deternuine the turbine work, it is 

necessary to determine Cp ang kg for each burner temner- 
ature and each combination of the vases of combustion. 
Tre calculations for enthalpy changes are made using cata - 
from Heeks Ges Tables in reference 2 anc from reference 3. 
The caleulations for Gy and Ke were maée using data from 
figure 16 through figure 20. 

In order to oheck the accuracy of the method of 


obtaining Gp and Ky using basic data from two sourees, a 


_e-= 

o) —wetses Se Lees i) abit oF 
Pe ee ee r 
wah Ci eee Gey Weed ae Se er) le 
<¥ hemeveles Weare’ of Uf 418 Se ware oot 99 Cee 
oe ee oe 





















ee ed 
A Ome cedtehny Te Gt OH Stew 
-io to tee et ee ee er fee ep 
ee ee ee 
rm oh eetebere Onn or 1%! alee leg? aber 
en ee ene ee 
ec a — re | ie ce mF a 
ee ee ee ee 
Se ee mar lem cet 
ees Cee he oe 7 ee 
fen 
TO ee 
—— a et he et ine od 
Ss Ne Ry RNR oe  celte me ee 
tet ake Ahn a Pees (inte se eee! 

Fe a eT pe 4 ceeetors ab 
ee 
2 Nemt> eae «7 

te eemene on he Tereeree ot cell PPR 
. peruse cad avy o26h thet wile gl oe | 




















Fage 6 

special caleulation was made in appendix 1 uring data 

. from Hecks Gas tables only. ‘The comparison of the two 
methoés ghows that the value of Kg obtained using the 
two sources of ¢éata is smaller than the Ke which results 
from the use of Heecks Gas Tebdles exclusively. But these 
4ifferent values of Ke Ao not alter the value of the 
turbine work. Uxanination of Ool. 62 and Col. 95 in 
Appendix 1 shows that the turblne work obtained from 
each method of easlculation do not vary significantly. 


Therefore, since tho calculation of C_ ané x are con- 


D 5 
siderably simpler ueing the date on Figure 16 through 
Figure 20, this method of calculation is used in all 
other appendices wnere it is neceasary to evaluate K 50 
Sinee the value of k varies witii the initial 
temrerature of an oxpansion process and ia sractically 
indenenéent of the presarure ratio of tne expansion, it 
is neeesnary to evaluate kK, tor each burner telapsrature, 
but onoe evaluated, it ean be used with any pressure 
ratio provided the burner temperature remains constant. 
Values of k_ for each burner temoereture arse plotted on 


& 
Figure os 


‘Tit. sample Caleulation 


To Getermine the amount of bleed off air ané 
the thermal efficteney of the “éueational Gas Turbine at 
point 1 on Figure 1 when the burner temperature is 1960 °R. 


Aszume a water fuel ratio of 1.0 
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Pave 7 
Prom Figure 1 we sesc_that the compressor 
preasure ratio is 2.20, the coupressor temperature 
rise factor is .%5 and the compressor speed is 190600 Ff. Poem. 
Lower heating value of padi. « 19100 Btu/ld. 
Fuel somposition is 385% earbon and 15% hydrogen. 


Temperature inlet air = 530°R. 


Temperature rise factor ef5 = toe -f,) 


4 


Pol 
715.5 R 


12g 2 530° + 235 (530) 
Jsing a baeie heet balance: 
Tne heat input of the fuel ainus the heat adsorbed by the 
products of combustion equals the heat gained by the air. 
or 
wH = weight of carbon (hig¢9 “h715. 5) 
-weizht of hydrogen (hj 9¢9 -N9 15,5) 
-weight of injected water (hj 9¢9 -h715,5) 
= WW, (Rigg9 “Pais. © © 2 ee ew ee 8 ofl) 
assume w= il 1Dde. 
then; 
19100- .85 (Ah) = .15 (4h) ~x (4h) » W, (Ah) « 2 6 2 © (2) 
Using the velues of Ah for COo, H, HeO and air obtained 
from ref. 2 and ref. 3, the equation becomes 
19100 - .85 (374.16-37.60) - .15 (4978.2-604.6) - 1763.5x 
» (366.0 = 42.25) Wg wn ee se eo ee ew ow ow (8) 
or 18157 - 1763.5x% @ (322.7) Wae « « « «© « © @ w@ 0 © oo (4) 
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4n equation similar to equation (4) appears 
at the beginning of each appendix for the determination 
of We 


Kow assuming that x « 1 1b. water 
° ue 


equation (4) becomes 

18157 + 1763.5 @# (322.7) Wg « « « 2 « © © « (5) 

or W, = 50.80 lbs. air ver 1d. fuel 
In order to find the weight of Op, No, G0, ané 1,0 in 
the protucts of combustion, it is first necessary to 
find the amount of Oo requireé for perfect combustion 


of the fuel. 


or (32 » a5 (16 x 215) lbs of O» required for 
Ss ) + = = 2 req 


perfect combustion ...« «esse cececsvecve we a (6) 
or 2.266 + 1.200 = 36466 lbs Oo required « « oe « « (7) 
The amount of 0, required for perfect combustion 
remains constant in all esleculations and appears as 
e constant in the appendices. 

The composition of eir by weight ia about 


23% QO, an¢ 717% No, therefore the totel 0, available 


2 
ig 50.80 x .23 = 11.66 lbs. C, 2 2 + oe ee ew ww (8) 
| The amount of free On in the products of 
combuation equals the Oo avallable minus the 0, 

required for combustion of the fuel, or 


11.68 - 3.466 2 $8.21 lbs. free O, °° © 8 @ (9) 
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Page 9 
The emount of Mm = (50.80)(.77) = 39.12 lbs. . . (10) 


The amount of °0, = (.95) = 3.116 lbs. . 2 «© (11) 


The amount of He0 = 18 (115) 4 x 2 1.35 #1 = 2635 lbs. (12) 
be 


The amount of CO»9 and Hyd formed by the combustion of the 

fuel remain constant for all ecaleulations and appear as 

constants in the apvencices. 

‘The atéition of the weights of O59, Mp, C0, _ 

and HoO in the combustion products gives the total weight 

of the combustion gases. The total weight of the combustion 

gases ig also equal to the weight of fuel (slways assumed 

to be 1 1b.). plum the water-fuel ratio plus the weight of 

air. 

For this case 

Weight of combustio products = 8.21 # 39.12 #¢ 3.116 + 2.35 
= 52.80 lbae . « « «© « (13) 

Now proceed to find a weishted Re for the combustion gases 

taking into account the actual composition of the gas mixture. 


From ref. 4 


RO. = 438.51 
Ry, = 55.16. 
Redes = 35.13 
Riso = 85.81 


Won (Rog) + ao (8x,) + Seog '®aog) + "ugo!®ugo! (14) 
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Si 


Op 8.21 (48.31) = 
Ne $9.12 (55.16) = 
CO» 30116 (35.13) = 
Hp0 2.35 (85.91) = 

Total = 


7 


Now find the weighted % for the combustion gasea taking 
into account the actual composition of 


Prom figures 15 ‘through 20, at 1960 R 
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39626 


2157.9 


109.6 


201.6 


2865.7 


C09 = 22641 Btu/1b. 
Cate 2 22829 Btu/lbd. 
Cred. = -3002 Btu/1b. 
Cn. 0d = 25622 Btu/1d. 


an¢ similar to equation (14) 


Rog (p0g) + Fyn (Con,) + Yocg(2pco,) + *xy0! 


8 


221683 
11.9631 
0 9354 


1.5212 


(15.4880 


“p = Ho, + Hy, + Woo, + Mi 
° 2 a + 
Oo 6.21 (. 2641) 
Ne 39.12 (. 2829) 
G0. _ 3.116 (.3002) 
H50 2035 (25622) 
Total 


02933 - 


and ¢ - 1548390 - 
, = “E550 


Now fine Ky for the combustion gases 


tne gas mixture. 


(15) 
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Cy s (s + > = = Ge * e« © e@# e@ e@ * ee e (16) 
i * 

or A etn «sweeter #tst+2.s4@* % 

“Ty * 


Jesineg the values of Rey an 6 Cw found sbove 


773 (.2933) 









% -« 4.07 = 42206 = 1,312 
& » 34 » Ai be 20H 
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In oréer to enter figure 2 to obtain a turbine efficiency, 
it ie firet necessary to obtain the ratio W/v, 


By measurement, the average turbine blade radius 
is 5.62 inches or .468 feet. 29 eonvert the Diade speed 
in RPM to ft/sec. use the formula: 


"22 c RP 
TP % Bere ee ee (18) 


1 


in this ease Wo 2778 (19660) = 963 ft/sec. 
60 


Columns 54 end 55 in Appentix 1 show the econ- 
version of turbine blace speed in RP. CO feet ver 
secont enf the results are lot bed on figure 3% so shat 
the conversion may be picked off the graph. 


From pese 5, chapter 1 of referonce 6 


< 
es 
is 





\Vkgitt, | : + iu eee 66 ® {19} 
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Yo ¢Cetermine the critical pressure ratio of 
the turbine nozzle, use the @equetion relating wacnr. 
Humber with vreseure ratio from page 5, chsrter 1 of 


reference 6. 
x 


vo [253 (ut 2] FE ae aaa we Gael 

Substituting M =< 1,0 ené¢ the velue of k obtained 
above (k = 1.312) ané solving equation (21), the eritical 
pressure ratio is found 


~ 


Po s 1.233 
P- 


oO 
Pee * 2,2)) is greater than the critical sreasgure 


retio, we may use 4 =z 1.0 in equation [0. Teauation 20 


then becomes 


Keg (32017) (1960) 


i. : 





eo 0 (22) 





4n equation similar to equation (22) appears at 
the beginning of esch appendia for the determination of v,. 
Using the valuen of k, ent Ry, as previously 


€etermined and substituting them in equation (22), 


Vn 3 fet e? 300 = 1971 *t/aen. 
therefore 
¢ - ‘ 5 . 
= = taer = eOGPeasesivs we & @ @ FRB) 


n 
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Entering figure 2 with the arguments Pos 
pp = 2.20 and 


06 
< = .488, the turdine- efficiency is ¢etermines to be 
ni 
63.3% 


Yo determine the ifneal temverature of the com- 
bustion gases leaving the turdine, use the equation for 


reversidle expansion 


k-1 
oy w e* e©eee8 e@©8 © &©& © © © @ fs 
*o'6 “a6 


Jaing Pos in ; nd . { 4 
Bog 7 2920. Top = 1960 R and k = 1.512 in equation (24) 


Tore * 1625°R. 


"= ofp T 
By definition no = “09 ~06 (25) - 
5 a 9 2 es ~~ 
p 6 


or Atg =< me (Ate") © ww we es eteeweescae o WER) 
Using np = 63.3, AT," = 1960 - 1625 
Ato = 63-3 (335) = 212° 
From the general energy equation 
GL sz O,dt ew we ee we we we we ww (27) 
or 
Lo5 a 
La s r Cyd = CoM ee ww ew ew (28) 
06 
Using Cy= .2933 and QT, = 212 
Lp = «2933 (212) = 62.2 Btu/lb combustion gas 


the ratio of los. of combustion ess to lbs. of inlet or 


compressor air is 52.80 = 1.040 







= 
a es ee ee 








aa 19.) 








Se ee 
: i ae 








’ 


— ou 3+ eqptecqumt Lent eds Guipapeos ot 
ee 


aa» ieee HS 


(a) peanape gia oc ten Wes gt yone © Se 
SUE © it 
ties ses bo TEER oe - “eo 
ee eee 
HONE > Oli! = hoe ge tat 
"Oak = 1000) eM TA 

i Mearns Aeveee | pot 

1TAi scene ee & © (eevee eee + > = 
~ 


wel ons Loo ne sieht 


ee ee ee 
oe ccc lee oa cs IMA es 
om init Ae coll ee Pe tr aL Be oteen 
ami + gee of 4a waereter 












[ 

























Tage 14 
Multiplying the turbine work by the ratio of combustion 
products to inlet air gives 
Lp = 62.2 (1.040) 5 64.7 Btu/lb. inlet air 
From equation (27), the compression work equals 
Top 


Lo = Cpl 2 0 2 we we ew we ww (29) 


In this exemple : 

Le 3 h715.5 7 h5s0 = 44-56 Btu/1bd. 
The net work of the gas turbine eycle is 

fylm = |Lpi¥a - %) - ig (Wa) | Miaiasye - shee) 
4n overell. work balance cives 

(Wa) Lc + Poly = (Bp - My) Lp - 6 0 oo 2 2 o 0 (31) 
Combining equation (31) with equation (49) 
Le(Wa) + [Lol We - %) - gl aq) ] H, = Lele - My) ooo (32) 
Assume W,_ = 1 1bd./sec. then 
lig + [Lpll = My) = Lg] My 2 by (1 = My) ee ee ee (38) 
or using lo = 44.6 Btu/1b. 
4406 + [ip(l = Wy) ~ 46.6] My = Upll ~ Hy). ee es (94) 
or simplifying 
Lp(Wp)? 4 [44.60 - 2g] Wp + Lp - 44.6020... 26 (35) 

At the beginning of eaeh appendix there appears 


o formule similer to equation (35) for the @etermination 


of BH e 
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Page 15 
Bquation (35) is a quafirextic equation in %. 


To aolve it, use the regular quacratic solution 


vd = a ee oo efe 8 © @8 @© @ @ : 


let a = Lp let b = lp - 2Le 


let S = on = ig 
For this example 
as 64.7 b2e=- 64.6 and e = 20.0 


Placing these values in squation %6 


64,6 244.6 


Usinz the plus sign we obtain the impoasible answer 
that Wy = 1 1b. air/1b. inlet air 


Jaing the negative sign 


% = 2309 lds. air/lb. inlet or compressor air. Answer. 


Thermal efficiency = B&t hese one x 100 


or n = Wp x Yq X Lg x 100 
“TOIT ~ 


Using ®, 2 50.80 lbs. air/1d. fuel, My = .309 Llbe.eir/1bd. 


iow i @ Ce BLE aw 2 See 


inlet air, by 2 44.60 


n - .309 (50.90) (44.60) 1900 <= 3.67% snawer 


an equation ninilar to equation (37) appears at the 


beginning of each appendix for the determination of n. 
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Pase 16 
ALL work in the appendices is eimiller to that 
in the sample calculation above oxcept that in the firet 
part of Appendix 1, aa mentioned before, the values of 
K an’ Gy are caleulated from liesks Gas Tables. The 
method used in this cealeulation ia outlined in the notes 
at the begimning of the appent ix. viother exception is 


that in Appendix B the pressure ratio P95 is less than 
POG 


the eritical pressure ratio for the combustion genes 
through the turbine nozzle ané “ gan not be arsumed equal 
to l as in the sample calculation. The nethot af procedure 
in this ease ia outlined in the notes at the beginning of 
Appendix B. 


IV. Results of Galeulations 
Caleulations were mace for the following combin-~ 


ations of Fo, and Tog for noints 1, 2, ané 3 on fieure il: 


PO6 

“05 Tos 

“906 

2.20 1960°R - Appendix 1 
2.00 1960°R -~ Appendix A 
1680 1960°R - sypendix B 
2.20 1860°R - Appendix ¢ 
2.20 1760°R - appendix 


“a wo 


2, 20 1660°R - Appendix 
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Page 17 
Figure 5 shows the comparison of the net output 


(W,) when burner temperature T 5 is kept constnnt eat 


9 
1960°9R and the prezsure ratio is varied from 1.80 to 

2.20. It ia well to note at this point that pressure 
ratio ean de varied by changing the cpeed of the gaz 
turbine by varying the amount of bleed off air and the 
amount of fuel injected. From Fisgare 5, the amount of 
bleet off air inoreases ac the water fuel ratio increases. 
With a water fuel ratio of 7, the output inor@eases approx- 
imately 100% over that obtained without the use of water 
injection. 

Pisure 7 showe the net output when the pressure 
ratio is kept constant et 2.20 and tne burner outlet 
temperature is varied from 19609 to 16609R. This graph 
shows that at lower temnerntures where more weter may be 
injecte@ and still keen perfect combustion of fuel the 
output of the gas turbine fe increased as much as 370%. 
This sraph also shows that by the use of the correct water 
fuel ratio the output at low burner temperstures oan be 
increased above that obtaine’a by the use of high temper- 
atures alone without water injection. 

A somparison of Figures 5 an@ 7 showa that for 
any given water fuel ratio, tho net output of the cycle 
ean be varied over a wider range by varying the burner 
temperature than by varying the pressure ratio. From 
this fact, we see that the turbine is much more sensitive 


to temnerature changes than it is to pressure chenges. 
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Figure 8 shows the eyole or thernal efficiencies 
ettained at a pressure ratio of 2.20 for verious burner 
temperaturec. Pue to the losses incurreé by the latent 
heat of veporizgation of water, it is expected that overall 
efficiency will ¢rop with increasing mounts of water. 
This is generally the case, Sut sinee the turbine effic- 
iency of this gas turbine is ao low (in the vicinity of 
62%) that overall efficiency ectually increases with water 
injection at low burner temperatures. From tne graph we 
see that the maximuwn efficiency with a burner temperature 
of 1660 R occurs in the vieinity of a water fuel ratio 
of 6.0. Beyond the water fuel ratio of 6.0, the thermal 
efficiency at 1660°R eetually exceetis that obtained with 
a burner temmerature of 1960°R. In@eeé, this graph in- 
Ciecates that by use of water injection the gas turbine 
eould be made to operate at temperatures so low that it 
wouldn't even idle without the uae of water. In oréer to 
do thie it would be necessary to initially use a high 
varner temperature, inject a larze amount of water, and 
then grafually reduce temnerature to the low Leuperatare 
desire. 

Figure 9 shows the thermal efficiencies for a 
constant burner temperature and pressure ratios from 1.80 
to 2e20. As expected for the high burner temperature, 
the effictency decreases steadily as the water fuel ratio 
is increased. As the pressure ratio is increaset, for any 


water fuel ratio, the thermal efficiency is inereesed. 
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rage 19 
V. Recommencations and Jonelusion 

The above regults show that the installation 
of water injection on the combuetion chamber of the 
Edueat ional Gag Turbine would result in a sudsteantial 
increase in the output of compressed air from the unit 
end furthermore that the water injection will increase 
the overell efficiency of the- plant at high pressure 
retios end low burner temperatures. It is recommended 
that this alteration be made. 

Obviously, from figure 1, ealoulationa sould 
be mace for a great number of combinations of pressure 
ratio ané burner temperatures that were not made in 
snig paper. The suthor viexed the nroints caleuleted 
with the following limitetions in mind: The maximun 
operating speed of the gas turbine ic about 21,000 RPM, 
the maximum allowable burner temperature is 1960°R, and 
the operating range will have to be on the flat vortions 
of the preseure ratio volume flow ourves end the com- 
vreesor efficiency eurves. It is recommenced that any 
future caleulationeg made on this turbine bs mace at 


lower pressure ratioa than those enosen by the author. 
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Appendix I 

Tables of calenlations assuming @ compressor 
pressure ratio of 2.20 ané a durner temnerature of 
1960°R at point 1 on figure 1. 19660 R.P.M. = 963 ft/sec. 

From Fig. 1, compressor temperature rise 
factor » «35 

Tope 530 + 235 (530) » 715.5°R 

Using Hecks Gas Tables 

19100 - .85 (374.16 - 37.60) - .15(4978.2 = 604.6) 

- 1763.5x - W_(365.0 - 42.25) 

or 18157 - (1763.5)x - W_(522.7) 
Columns 1 through 4 are calculated from the above equation. 
Columns 5 through 9 give the amounts of 9%, Ho, COo and 
Ho20 in the produets of combustion. Column 10 gives the. 
total pounds of combustion pro¢ucts per vound of fuel. 
Columns 11 through 16 show the calculation of Sp for the 
products of combustion at 1960°R from information in Heeks 
Gas Tablea. Columns 17 throush 22 show the calculation of 
R, for the gases of combustion. Columns 23 through 34 


show the construction of tables of S&S. for products of 


~~) 
combustion at 1600°R ané 1700 R. 
R Pp 
03 
Ass: fF m Fo 


R 
AS 2 778 In 2020 = ®,(.0010132) 


Sp6= ps5 ~AS>_ 
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II 


Column 35 gives the calculation for A%p 
Column 36 gives the calculation for 5 D6 


Columns 27 through 40 show the calculation for “o6 


k-1l 
Tos = (322) = 


Tot 06 


Columns 41 through 45 show the calculation for Kp 


k R 
G - K-lL J 


PE 
Columns 46 through 48 show the caleulation for Gy 


Vn * . ws » Be 1.0 at nozzle throat 


\Eehig 1+ 4 2 


then v 
ne (RR (32-17) 1960 = KR.63053 
kel K-L 
1+ 2 ia 


Golumns 49 through 5353 show the calculation for Vy 
Average turbine blafée radius = 5.62 inches or .468 feet. 
Turbine blac¢e speed = 27Tr X Eepeme = 04901 x reDreMe 
columns 54 and 55 show the ecaleulation for turbdine blade 
speod in feet per seconde. 


vOlumn 56 showa the value of the ratio of wheel speed to 


nozzle velocity. 
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Itt 
Column 57 shows turbine efficiencies as determinec 
from column 56 and Figure 2. 
Columns 58 through 62 show the calculation Yor turbine 
work in Btu/lbd. of compressor air. 


715.5 
Cydt - 44.6 Btu/lb. air 


Q 
oe 


$30 
fn overell neat balance gives: 
64.60 ¥, $ [tp (¥, - My) = 4406 a] = Lgl ¥,=%) 
or assuming ¥, = 1 Lba/ see. 


Gol. 62) (Np)? ¢ (44.60 - 2 (col.62)]%, + col.62 - 44.60 = 0 


‘let a 


eole 62 let b = 44.60 = 2 (c01.62) 
let @ = col. 62 - 44.69 | 


then Wy = -v ty b” ~ 4ac 
2a 


Columns 63 througn 71 show the ealeulation for *, In 


nouncts of air per pound of compressor air. 


Columns 72 through 95 show the calculation for ¢,, Kp 
and Lp from information obteined from granhe of C, for 
the various products of combuction for purposes of com- 


parison with previously calculated results. 


net heat output 
Thermal efficiency = net heat {nouf” x 100 


Wp x Va x ue x LOO 


19100 


ecole 71 x cole 4 X 223535 


Columns 96 and 97 show the calculations for thermel efficiency. 
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1 2 3 4 oO 6 
Vin Free Oo 
Ah 18157 = Cole 3 £fotal Oo Cole 5 
x H20 Cole 2 + 322.7 Wa x (023) - %2466 
0 QO 16157.0 56. 26 12.94 9246 
1 1763.5 16393.5 50.80 11.68 8.21 
2 3527.0 14630.0 45.34 10.43 6296 
3 5290.5 12866.5 39287 9.17 5-70 
4 7054.0 11103.0 34440 7291 4.44 
5 8817.5 9339.5 28.94 6.66 3e19 
6 10581.0 7576.0 24 48 5040 1.93 
f 12344.5 9812.5 18.01 4.14 0.67 
8 14108.0 4049.0 12.55 2.886 ae 
1 7 8 9 10 11 
Total comb. 
No HoO products Col. 6 
x Col. 4 CQo Cole 1 Col.64U01.7 x 
x e777 ' ¢ 1.35 +¢001.84+C01.9 .3080 
0 4%,32 e116 1.35 57.26 2.914 
1 29.12 32116 2639 52.280 2-529 
2 34-91 5o116 | Be oO 48.34 2.144 
3 30.70 32116 4.35 43.87 1.756 
4 26449 3e 116 5035 39240 1.568 
3 22428 5.116 6235 34.94 0.9825 
6 18.08 30116 7235 30.48 0.5944 
7 13.87 be 116 8.35 26.01 0.2064 
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1 12 13 14 15 16 
Col. 7 Col. & Cole 9 Total Gol.ll Ons 
x x x x + Sol. 124 g0115 
0 3845 «3260 » 6254 Gol.13#G01.14 + Col.10 
9 14.491 1.017 0 8443 19. 266 03765 
1 13.086 1.017 1.4697 18,102 03428 
2 11.677 1.017 2.0951 16.933 03503 
3 10. 269 1.017 2.7205 15.763 ° 3593 
4 8.861 1.017 3.3459 14.592  .3703 
5 7.453 1.017 349713 13.424 3642 
6 6.048 1.017 465967 12. 256 64021 
7 4.639 1.017 5.2221 11.084 04261 
1 1? 18 19 20 21 
Os No COs Hod Total Col.17 
* Col. 6 Col. 7 Col. 8 Col. 9 + Col.184 
x 48.31 x 55.16 x 35.13 x 85.31 Col.19¢001.20 
0 457.013 2389.531 109. 606 115.845 3071. 933 
. 396.625 2157.859 109.696 201.653 2865.743 
2 336.238 1925.637 109.606 287.463 2653. 944 
3 275.367 1693.412 109, 606 3734273 2451. 658 
4 214.496 1461.188 109. 606 459.083 2244.373 
5 154.109 1226.965 109. 606 544.893 2037.573 
4 93.238 997.293 109.606 630.703 1830.885 
7 32-368 7655-069 109.606 716.513 1623. 556 
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VI 


1 22 23 24 25 26 
Re Oo No COs HO 
Cole 21 Col. 6 Col. 7 Cole 8 Gol. 9 
x = Col.10 K 22554 x -2780 <x .266¢ x «5151 
0 53.65 241608 12.0429 0,8312 0.6954 
l 54,27 2.09683 10.8754 0.8312 1.2105 
" 55.90 1.77758 9.7049 0.8312 1.7256 
3 55.89 1.45578 8.5346 0.8312 2.2407 
4 5696 1.13398 7.3642 0.8312 2.7558 
5 58.32 0.61473 6.1958 0.8312 3.2709 
6 60.08 0.49292 5.0262 0.8312 3-7860 
@ 62.42 0.17112 3.8559 23312 4.3011 
1 27 28 29 30 31 
Totel 201.23 S$ a "2% Ne 80° 
cae ian ‘Gel, 6 Gol. 7 col. 8 
x 001.254001. 26 tele 10 x 02710 x 2947 x 22840 
O 15.9856 «2792 26 5637 12.7654 0.8861 
1 15.0139 o 2844 2. 2249 11.5287 0.8361 
? 14.0393 2 2904 1.836? 10, 2860 0.38861 
3 13.0623 o 2978 1. 5447 9.0473 0.8861 
4 12,0852 © 3067 1.2052 7.8067 0.8861 
5 11.1106 ° 3180 0.8645 6.5659 0.6861 
6 10.1363 o 3326 0.52850 5.3282 0.8861 
7 9.1593 0 3521 4.0875 0.6861 
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1 32 33 34 35 36 
Ho Total Col.29 5%, 1700R Assy 36 
Cole 9 + Col.30 4 Rol, 33 Gol. 22x Col. 16 
x x 25473 Gol. 314001632 Col. 10 .0010132 = Col. 35 
a ereeeereeti NSEI GSN REE 
0 0.7389 16.9551 2961 .0544 2621 
1 1.2862 15.9259 62016 .0550 2876 
2 1.8335 14.8938 23081 0557 2 2946 
3 2.3808 13.8589 23159 («5 0566 » 3027 
4 2.9281 12.6241 03255 = 6 0577 » 3126 
6 304754 11.7919 03375 20g 0591 3251 
0G 4.0027 10.7600 03530 2=— 6 0609 03412 
7 | 9.7252 03739 «=. 0632 » 3629 
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4.5700 


37 


Gol. 34 
minus 
Col. 28 
©0169 
09172 
00177 
20181 
20188 
©0195 
20204 


9218 


28 39 40 
Col. 36 (Sol. ey at 
minus Col. 37/ 4 1600 

Cole 28 x 100 

69029 17618 161762 
0 0054 19.77 1619.8 
20042 23.73 1623.7 
20049 27.07 1627.1 
-9059 $1.38 1631.4 
20071. 36.41 1636.4 
0086 42.16 1642.2 
»0108 49.54 1549.58 


41 
lo5 
COG 

1960 
Col. 40 
1.2120 
1.2100 
1. 2071 
1. 2046 
1.2014 
1.1978 
1.1935 


1.1882 
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ln e of 
fos 
— 
+06 


,i924 
0.1906 
0.1882 
0.1861 
9.21835 
0.1805 
O.1769 
0.1725 
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VIII 





1 43 44 45 46 47 48 
ik R = 
Col, 42 1 minus 1 K net 22 ~~ 

x ° Gol. 43 Col. 44 k-1 oe 
0 0. 2440 0.7560 1.323 4.096 2 26894 0.2824 
1 0.2417 0.7583 1.519 4.135 .06974 . 2884 
2 O. 2887 0.7613 1.314 4.185 - 07068 0, 2958 
3 0.2360 0.7640 1.309 4.236 .07182 0.3042 
4 0.2527 0.7673 16305 4 4230002007319“ 347 
5 0.2289 Q.7711 1.297 46367 207494 063273 
6 0.2244 0.7756 16289 4.460 .07720 0.3442 
i 0.2188 0.7812 Le 280 40571 - 08021 0.3666 
1 49 59 51 5 53 

x2 Vn 2t/see. 
x — “em =< ao 33 

1- “S x dol.22 63053 Vol. 52 

0 1.1615 70.979 4,475,439 3,853,154 1963 
1 161595 71.582 4,513,460 43,892,592 1973 
2 1.1570 72,270 4,556,840 3,938,496 1984 
3 161545 736160 4,612,957 3,995,632 1999 
4 1.61515 74.219 4,679,741 4,064,030 2016 
5 161485 75.641 4,769,392 4,152,714 2038 
6 1.1445 77.443 4,882,015 4,266,503 2065 
7 1.1400 79.898 5,037,809 4,419,131 2102 
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Turbvine 


Speed 


Ne De Be 


10000 
L1Q00 
12000 
13900 
14000 
15000 
16000 
L7990 
18000 
19000 
20000 
21006 
22000 
23000 


Ix 


55 
Tur dine 
Blade Speed 
ft/ sece 
490.1 
SS9e1 
G88el 
637.1 
556.1 
73561 
784.2 
2 
332.2 
9% le 2 
380.2 
L929 22 
1078.2 


1127.2 
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1 56 57 58 59 60 61 
eae oe” aes 
962 minus Col. 58 x x m at a > 

x Gol. 53 % Cole40 001.57 Col.48 Col. 10=+Col.4 
0 ~ 490 63.2 342.8 216.6 61.2 1.019 
1 0488 63.3 340.2 215.3 621 1.040 
2 0485 6304 33603 213.2 63.0 1.065 
3 0482 63.5 33269 211.4 64.3 1.100 
4 0478 63-6 3286 209.0 65.8 1.145 
5 0473 63.8 32306 206.4 67.6 1.207 
6 2 466 63.9 317.8 20 Be 1 7020 1.298 
7 2 458 64.0 310.5 196.7 729 1.443 
1 62 63 64 65 66 

ry b C - 

Btu/lbd. Air 44,60 ‘Gol. 62 Col. 64 
x thra surbine 2x minus minus x 
Col.60x Cole61 01.62 Col. 63 44.59 COle 64 

Oo 62.3 124.6 -80.0 17.7 6400 
1 64.6 129.2 -84.6 20.0 7160 
2 67.5 155.0 30.4 22.9 6170 
3 707 141.5 -95.9 2661 9390 
4 75.5 152.0 ~106.4 3009 11350 
5 81.6 163.0 -118.4 37.0 14050 
6 90.8 181.5 ~136.9 462 18700 
7 105.2 : 210.5 ~165.9 60.6 27450 
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1 67 68 69 70 71 
“y 
4 ac d*-4a0 Vb" =4a0 minus lose air 
Col. 64 Secomp.air 
4 x $ol.62 Col.66- Sqeroot ninus Cole 70 
- x 001.65 001.67 Gol.68  C6ol.69 61. 
0 4410 1990 44.6 2504 2 284 
1 5170 1990 44.6 40.0 . 309 
2 61380 1990 44.6 45.8 340 
3 7380 2010 44.8 52.1 568 
4 9330 2020 44.9 61.5 6407 
5 12100 1950 44.2 74.2 0455 
6 16800 1900 43-6 93.3 2514 
7 25500 1950 44.2 121.7 578 
1 72 73° 74 75 76 
°° Ne ae 15° Totel $01.72 
ColeS x Cole? x Coled © 01.9 X + Gol.73 + 
x » 2641 » 2828 03002 .5622 Gole74 + 301.75 
9 2.4984 12.2509 .9354 27590 16.4437 
1 2.1683 11,0631 °.9354 1.3212 1564880 
2 1.8361 9.9725  .9354 1.6834 14.5294 
3 Le 5054 8.6820  .9554 2.4456 2.5684 
4 1.1726 7.4914  .9354 4.9078 12.6072 
5 «8425 6.3008  .9354 3.5700 11.6487 
b 05097 5.1130  .9354 4.1322 10.6903 
7 21769 3.9224 .9354 4.6944 9.7291 
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1 77 78 79 80 61 














“p i nP K. 
x Col. 76 778 Gole78 x J Gp-l Gol. 79 
ol. 10 Gol. 22 Col. 77 Cole GO 
0 02872 14.50 4.164 30164 1.316 
1 o 2933 14.34 4-206 Se 206 1312 
2 ° 8006 14.15 4.253 be 200 1. 307 
3 o 3093 13.92 4.305 30 305 Le $03 
4 2 3200 13e 66 4.371 30371 1.297 
5 0 5554 134354 42448 3446 1.290 
6 0 3507 12.95 4.542 3e 5428 1.262 
7 0 3741 12.46 & 661 3e 661 1.273 
1 8&2 83 84 85 86 
kel sortase x res . Gol. 84 a a 
-e- Gole 22 63053 ate Us Vool. 85 
QO 1.158 70.603 4,451,731 3,844,327 1961 
1 1.156 71.202 4,489,500 3,883,650 1971 
2 1.154 71.885 4,532,565 3,927,699 1982 
3 1.152 72.825 4,591,855 3,985, 967 1996 
4 1.149 73.877 4,658,166 4,054 ,104 2014 
5 4-145 752233 4,742,666 4,142,959 2036 
6 1.141 77.923 4,856,531 4,256,501 2063 
7 1.137 79.461 5,010,254 4,406,555 2099 
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1 87 8g 89 90 91 92 
7 n aA Toa 
n T “kK k-1 | 1960 
963 from (¢ol.81-1 “kK —1960 minug 
x 301.06 Pige2 2.20 Goi.e90 0ol.91 
0 0491 6302 » 240 1.208 1623 339 
1 ° 488 633 © 238 1.2065 1625 335 
2 » 485 6364 0235 1.2035 1629 331 
3 ° 482 63.5 2 1-201 1632 328 
4 0478 63.6 29 1.198 1636 324 
5 473 6308 225 1.194 1642 318 
6 0466 | 63-9 e 220 1.189 1648 312 
? 0458 . 64.0 ° 214 1.164 1655 305 
1 93 94 95 96 97 
At. Jog ns 
Col.92 Btu/ld.gas 8tu/lbd. Col.71 501.96 
x Gol.93 x inlet air 4 4 
- Col. 88 Gol.77 Col,61 x Col.94 Col.4 o 2335 
0 213 61.2 62.4 15.98 373 
1 212 62.2 64.7 15.70 2667 
2 210 63.1 67.3 15. 40 3.595 
3 208 64.3 70.7 14.50 3.41 
4 206 6509 7505 14.00 8. 27 
§ 203 6727 1.7 13.17 32065 
6 199 69.9 90.6 12.08 2.82 
7 195 72.9 105.3 10.41 2643 
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Appendix A 

Tables of Caloulationa assuming a compressor 
pressure patio of 2.00 and a burner temperature of 1960 R 
at point 2 on figure 1. 18500 RPM = 907 ft/sec. 
femperature rise factor = .31 

Too = 530 + 031 (530) = 694 R 
Using Necks Gas Tables 

18427 - x(1763.5) = WW, (328.0) 
Columns Al through 44 show tne calculation for the pounds 
of air per pound of fuel. 
Columns AS through All snow the calculations for L, 


using the applicable figures from Appendix l. 


Le = 694 
I Gat = 39.56 Btu/lb. of air. 


930 


In the same manner as in Appendix 1, an overall heat 
belance gives 


(Col. All) (W,,) 7+ [39.38 - 2( Col. A11)| Wp + Col. A1l1-39.38 = 0 


let a = Gol. All let b = 3938 - 2(Col. All) 
let @ = Gol. All - 3938 


end solve for Wy 
Colwnns A12 through A20 show the calculations for Wy, 


Column 421 shows the calculation for thermal efficiency. 


Thermal efficiency = We, x Wy x 39.358 x 100 
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Al A2 AB A AS - 46 
16142.7 We n pfrom 2200 = 
Ah minus Cole3 + GOle ABSA from 
x 90 Cole 2 398.90 and graph Cole 89 
0 OQ 18142.7 55.31 64.0 1.182 
1 1763.5 16379.2 49.94 64.0 1.1793 
z 3527.0 14615.7 44.56 64.0 1.177 
3 5290.5 12352.2 39.18 64.0 1.1746 
4 7054.0 11083.7 $3.91 64.0 1.172 
5 8817.5 9325-2 28.43 64.0 1.169 
6 10561.0 7561.7 23.05 64.0 1.1647 
7 1234445 5798.2 17.68 63.8 1.160 
él AT Ag 49 A524 410 
Bye At: At 7 ap 
6 1960 Col. AB Btu/1b. eas 
1960 minus x 907 Col. AY x 
x 2 OLe Col. A? Col. 456 Col. 53 Col. 77 
9 1658 202 195.0 0462 65.4 
1 1662 . 298 191.0 «460 56.0 
2 1656 294 188.0 0457 56.5 
3 1669 219 186.0 0454 57.4 
4 1672 288 184.0 » 450 58.8 
5 1676 284 182.0 0445 60.6 
6 1681 279 178.3 © 439 6206 
? 1690 270 172.5 0452 64.6 
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Al £11 £12 £13 Al4 ALS 416 
Np bes es b-s 4ac = 

Btu/lb. air 39.38 Gol. All Gol. Al3 4x 

Col. Al0 2 x minug minus x ColeAll x 
x x Col. 61 Cole All Col. Al2 39.38 Gol. AlZB Col. Al4 
Q 56-5 113.0 @ 4 506 16.4 5210 3660 
2 690.2 120.4 ~31.0 20.24 6420 4880 
3 63.1 126. 2 -36.8 2506 7500 5950 
4 ‘67.4 134.8 -95.4 2747 3930 7440 
5 73e1 146.2 . -106.8 SSeS 11240 9690 
6 81.2 162.4 -123.0 41.8 15120. 13600 
7 93.23 186.6 ~147.2 5209 21650 20130 
Al ALT £18 A19 A20 421 

Wy 

»*- 4a0- 5 minus lbse sir n 

Cole ALS Vo - dace Col.efél% Iba.iniet sir .206 x 
* minus 3Qeroot minus Col. AI Cole A4 & 

Gol. Al& Cole Al? Col. Alég ol. .Col. A20 
0 1550 3924 34.2 e502 oe 44 
1 1550 3924 37.83 each Beoh 
” 1540 3903 41.6 e 345 3.17 
3. 1550 39-4 47.4 .376 3.03 
4 1550 3924 5620 2416 2690 
5 1550 304 6764 461 2.70 
6 1520 29el 83.6 eD14 2eS4 
7 1520 39.1 107.8 2577 2.10 
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Appendix B 
Tebles of calculations assuming a compressor 
pressure ratio of 1.80 and a burner temperature of 1960°R 
at point 3 on Figure 1. 17000 RPM = 834 ft/sec. 
Temperature rise factor = .25 


O 
Too = 530 + .25 (530) = 662.4 R 


N 


Using Hecks Gas Tables 
18120.3 - x(1763.5) = W,(335.6) 


Columns Bl through B4 show the calculations for the pounds 


of air ner pound of fuel. 





Ms = 
and vy = M5 \VXBRgTo5 
ke 
+ “7 Ms 
Since Pos is less than the critical pressure ratio for 


Pos 


the gases of combustion, vy, must be calculated from the 
Mach. number in the nozzle throat. Columns B5 through 
Bl4 show these calculations, using applicable figures 
from Appendix l. | 

Columns B15 through B21 show the calculations for turbine 
work in Btu per pynound of compressor air. 


662.4 
as 5 CpdT = 31.87 Btu/lbd. air. 
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IIs 
Setting up a neat balance in the seve manner 


as in appendix 1 
o 
Cols B21M(Mp) + [31.87 - 2(Col.B21)] % + Col. 321-31.87 « 0 


let a2 Cole B 2l let b = 41.87-2(Col.R 21) 
let ¢ = Col. 8B 21-31.87 


enc solve for Ny 
Golumns 522 tarough 330 show the calculations for Wy, 


ns Wq x Sy x 39.38 x 100 
19100 


or ne Ye x Wm x .167 


Colum BZ1l shows the thermal efficiency. 
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Bl ‘B2 B33 B4 BS = 1 
| y zea + (22 * 
nh —. Sol. Be a od 35 
x HO ColeB2 jj d0006 Gol. 89 afm i 
Q 0 L8120,.3 53699 1.1518 » L518 
1 1765.5 1635628 483274 Le i502 e LE02 
2 3527.20 14593.3 4048 L-1482 e 1462 
3 9290.5 12829.8 - 30625 1.1462 e 1462 
q 7034.0 11086, 3 32.97 1.1442 «1442 
° 3837.5 9302.8 27072 1.1417 o 1417 
6 10581.0 753905 22047 1.13082 o L382 
y 12%44.5 5775-8 17.2 1.1542 01342 
Bl Bq B8 BY B10 Bll 
2 u k-1 
k-T Sole 37 5 a 
from x 3ae root from Cole BlO x 
x Co1l.81 Cole B6 Gol. 38 $01.82 Sole38 #1 
Q 6033 e 360 e981 e 158 1.1518 
1 6041] © 963 » 9825 e 156 1.1502 
2 651 e965 » 334 e 154 1.1487 
3 6. 60 © 956 e 386 e152 121469 
4 674 0972 0 3875 e149 121449 
5 890 977 990 145 1.1418 
6 7210 0982 o 992 e141 L- 1565 
7 7.33 0994 2157 1.1550 


0 985 
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BL B12 313 B14 B15 B16 
Vv, = Ss 
Square Col.313 Vn Be 
Col. 51 root x 8a4 from 
x Ole Gol.Bl2 ¢ol.39 Col. B14 Pige? 
0 3,855,604 1971 1933 0431 63.6 
1 3,924,065 1981 1948 «428 63.5 
° 3,966,954 1992 1960 2426 63.5 
z 4,022,199 2006 1979 6422 5304 
4 4,087,458 2022 1999 0417 63.3 
5 4,177,082 2044 2023 412 6301 
6 4,288,988 2071 2053 2 406 62.9 
7 4,438,598 2107 2095 398 62.4 
Bl B1? 318 B19 B20 B21 
tot r At bp ae 
960 COle BIS Btu/1bd. zas Btu/lb. air 
1960 minus = Col. B19? x Col. B20 x 
x sOle Gol.317 Gol. 316 Col. 77 Cole ol 
0 1702 258 164.2 47.2 48.0 
1 1704 256 162.7 4747 49.6 
° 1707 253 160.8 48.3 51.4 
3 1710 250 158.7 49.1 54.0 
4 1713 247 156.3 50.0 5762 
5 1717 243 153.5 51.2 61.7 
6 1722 238 149.8 52.6 68.2 
7 1728 232 144.8 54.1 78.1 
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Bl B22 82° Be4 ° BSS B26 
bs cs 6” 4ac = 
31.87 Col. B21 ~ 4 Xx 
& x minus minus JoleB23 x Sole Bl x 
x Col. BL1 Gol. B22 31.87 Col. 323 Col. B24 
0 96.0 “64.1 l6el 4110 2095 
2 102.8 -70.9 19.5 5025 4010 
4 114.4 -82,! 2565 6810 5790 
5 123-4 -91.5 29.8 &370 7260 
BL R27 B28 BOD B30 B31 
#p 
2 e 
b- 4a¢= \' - 4a¢ minus Lézesir 


n 
GOle B25 Square Col. 323 1lbs.comnp.air e167 x 
x minus root minus Col. 3829 Cole B4 x 








Col. B26 Col.B27 Gol. BSS Col. S22 Gol. B30 
v 1015 31.9 $2.2 ° 336 3.03 
1 1015 31.9 35e4 ° 357 2.91 
2 LO15 $1.9 39.0 ° 380 2.76 
3 1015 31.9 44.2 0419 2.61 
4 1020 71.95 50.6 0442 2043 
5 1010 31.85 59.6 0483 2.23 
6 1020 31.95 7206 0531 1.99 
7 1050 31.85 92.4 ° 591 Le 70 
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Appendix C0 

Table of calculations assuming a compressor 
pressure ratio of 2.20 and a bummer temperature of 1860°R 
at point 1 on Figure 1. 19660 RPM = 963 ft./sec. 

Temperature rise factor = .355 

fop°= 530 + .35(530) = 715.5 R 

Using Hecks Gas Tables 

18237.7 - 1608.3 x = Wg(295.2) 
Columns Cli through ClO show the calculations for the 
weight of air per pound of fuel and the weignt of the 
total combustion profucts per pound of fuel. 
Columns Cll through C16 show the calculations for Rg, 
Columns C17 through C26 show the calculations for Cy 
ane Ky using.informaetion obtained from the graphs of 


Cy for the products of combustion ane the formula. 


% = 7E-I 7 
J 
or k = = Op 
J 
RP - 1 


Columns C27 through C33 snow the calculations for nozzle 
throat velocity and turbine efficiency. 

Columns 034 throuch C4l show the calculations for turbine 
work. . 

in the same manner as in Appendix I, an overall heat 


valance gives: 
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Lic 
: 2 
(Col. C41)(Wy) 4 [44.60 - 2{(Col. 041) ] my + Col. 041-44.60 = 0 
let az Col. C41 let b = 44.60 - 2(Col. C41) 


let c JOl. 041~44.60 


ba 


and solve for Wy 
Columns C42 through C50 show the calculations for Wy in 
pounds of air per vound of compressor air. 
In the same manner as in Appendix I 
ns Wo x Wy xX .2335 
Columns 51 and 52 show the calculation for thermal efficiency. 











IlIc 


Gl C2 CS G4 CS Co 
Ne Total Op ‘Free Op 
Ah 18237.7 Col. C5 
: WO minus Col. C3 3 Col. C4 minus 
2 Col. G2 29542 Z «29 302466 
0 18227.7 61.78 14,21 10.74 
1608.3 16629.4 96633 12.96 92494 
3216.6 15021.1 50,88 11.70 8. 234 
4824.9 13412.8 45.44 10.45 6.984 
6433.2 11804.5 39.99 9.198 de 732 
8041.5 10196.2 34.45 7.924 4.458 
9649.8 8587.9 29.09 6-691 30225 
11258.1 6979.6 23.64 5. 437 1.971 
12866.4 5371.3 18.29 4.186 0.720 
14474.7 3763.0 12.75 2.932 ~~ 
Cl C7 08 G9 C10 Cll 
N H O Total comb. °5 
| 2 2 prod. Col.C6 Col.C6 
Col.04 CO Col. Cl Col. C7 4 x 
x x 277 2 + 1.35 Gol.084C01.C9 48.31 
0 47.57 3-116 L. 38 62.78 518.85 
1 43.37 Se L1L6 Reo 56 6 33 458.66 
2 39.18 3e116 3039 53.38 397.78 
3 34499 3-116 4.35 49.44 337.40 
4, 30.79 32116 5. 35 44.99 276.91 
2 26453 Je il6 6035 40.45 215.37 
6 22040 Se 116 7.35 36.09 155.80 
7 18. 20 %. 116 8.235 31.64 95-222 
8 14.01 32116 9235 27220 
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C1 cl2 C13 cl4 015 C16 
7 > a Total . 

Cole 0? col, 08 ~~ ua ool. cls ¢ 
x x 55.16 x 35-13 85.81 tCol. C14 Gol.cl0 — 
0 2623.96 109.47 115.84 3368.12 53.65 
1  - 2392.29 109.47 201.65 3162.07 54.21 
2 2161.17 109.47 287.46 2955.88 54.86 
3 1930.05 109.47 373.27 2743.19 55.49 
4 1698.38 109.47 459.08 2543.84 56.54 
5 1463.39 109.47 544.89 2333.12 57.68 
6 1235.58 109.47 630.70 2131. 55 59.06 
7 1003.91 109.47 716.52 1925.11 60.84 
3 772.79 109.47 802.32 1719.36 63.21 
cl C1? C18 c1g C20 cel C22 

°» Ne " 9° “ ar D 

Col.C6 Col.c? Col.08 Col.€9 Col. C18+ Gol. c2l 

x hs x x x Col. C194 = 
e 2625 e 2800 2973 » 5533 Col. C20 Col. 610 

0 2.819 13.32  .9264 27470 17.812  .2837 
1 2.492 12.14 .9264 1.3003 16.859 .2890 
2 2.161 10.97 29264 1.8536 15.911 . 2953 
3 1.833 9.797 .9264 2.4069 14.963 3026 
4 1. 505 8.621 .9264 2.9602 14.013 » 3115 
5 1.170 7.428 .9264 3.5135 13.038 23223 
6 8466 6.272 .9264 4.0668 12.112 «3356 
7: ~5174 5.096 .9264 4.6201 11.160 .3527 
8 .1890 3.923 5.1734 23754 
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C1 023 G24 025 026 027 
J Cy 
= a 023 = °p=1 Keg 
x 778 x Col. C24 Col. C24 k-1 
Col. Cio Col. C22 #=minus 1 Sole Ge “nS 
0 14.50 4.114 3.114 1.321 1.1605 
L 14.35 4.147 3,147 1.318 1.159 
2 14.18 4,187 3.187 1.314 1.157 
3 14.02 4.242 $0242 1.308 1.154 
4 13.76 4. 286 3. 286 1.304 1.152 
5 13.49 4.348 3. 348. 1.299 1.1495 
6 13.17. 4.419 3.419 1.292 1.146 
7 12.79 4.511 3.511 1.285 1.1425 
8 12.31 4.621 5.621 1.276 1.138 
01 C28 C29 630 031 O32 
KR Kk gRgx32.17 ; as 
Col. C26 xX 1860 = n ft/sec. n 
, gel. C18 Gel. OnE at Ycol. G30 Sete 33r 
0 70.872 4,240,697 %,654,198 1912 - 504 
1 71.449 4,275,224 3,688,718 1920 502 
2 72.086 4,313,338 3,728,036 1931 499 
3 72.581 4,342,957 3,763,394 1940 496 
4 730728 4,411,589 3,829,504 1957 64925 
5 74.926 4,483,272 3,900,193 1975 4875 
6 76.306 4,565,846 3,984,159 1996 483 
7 78.179 4,677,919 4,094,459 2023 476 
8 80.656 4,826,132 4,240,889 2059 468 
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Cl C33 C34 035 C36 C37 
k-1 T.4 a?" 
np a k-1 °6 1860 
from Col.C26-1 a 1860 minus 
x Fig.2 Col. C26 2.20 Col.645 Col.C36 
0 62.7 «243 1.211 1537 323 
1 62.8 «2425 1.210 1539 321 
2 62.9 239 1. 208 1541 319 
3 63.1 236 1.204 1544 316 
4 63.2 2 233 1.202 1548 312 
5 63.4 230 1.199 1552 308 
6 63.6 + 226 1.195 1557 303 
” 63.8 . 222 1.191 1562 298 
3 64.0 «217 1.187 1567 293 
Cl 038 C39 C40 G41 c42 
no 
Col.C37 Btu/lb.gas inlet air Col. C40 x 2x 
x Col. C38x Col. C10 Col. C39 Col. C41 
x C01.C033 Col. G22 Gol. C4 
0 202.5 57.3 1.016 58.2 116.4 
1 201.5 58.0 1.035 60.0 120.0 
2 200.5 59.2 1.058 62.6 125.2 
3 199 60.2 1.088 65.5 131.0 
4 197 61.3 1.125 69.0 138.0 
5 195 62.9 1.173 13.8 147.6 
6 193 64.7 1.240 80.1 160.2 
7 190 67.0 1.340 39.8 179.6 
8 187.5 70.4 1.494 105.0 210.0 
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C1 G43 044 G45 046 C47 
d= cz v& = 4ac e b“-4ac = 
44.60 Col. C41 Col. 043 4x Gol.Cc45 
x minus minus x Col. C41 x minus 
Co1l.042 44.60 Gol. 043 Co1l.044 Col. C46 
O -71.8 13-60 5150 3170 1980 
1 -75 04 15. 40 5680 3700 1980 
2 -80.6 18.00 6500 4510 1990 
3 -86.4 20.90 7460 5480 1980 
4 ~93.4 24440 8720 6740 1980 
5 -103.0 29.20 10610 8620 1990 
6 -115.6 35-50 13330 11380 1950 
7 ~135.0 45.20 18230 16230 2000 
8 -165.4 60.40 27400 25400 2000 
Cl C48 C49 C50 C51 C52 
Vo2- 4ac minus enntn per n 
Square Col.C43 1l1b.comp.air Col. C50 Cole CBl 
root minus Col. %49 x x 
Col.C47? Col.c48 Col. C42 Col. 04 «2985 
0 44.6 27.42 2 233 14,42 3.37 
1 44.6 30.8 2 257 14,48 338 
2 44.65 35-95 © 287 14.60 3041 
3 44.6 41.8 o 319 14.50 3-385 
4 44.6 43.8 0 554 14.16 Be 30 
5 44.65 58.35 © 396 13. 65 Se 185 
6 44.3 71.3 0445 12.95 3e O02 
7 44.7 90.3 0 903 11.90 2-78 
8 44.7 120.7 0574 10.44 2.44 
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Appendix © 
Tadle of caleulations assuming n co“pressor 
preasure ratio of 2.20 an* a burner temvereture of 
1760°P at point 1 on figure 1. 29660 RPM » 963 ft/sec. 
Temperature rise faetor # 655 
Tog = 530 + .35(535) # 715.5°R 
Using Neeks “ee Tables 
18316.5 - 1553.6x = 268.5We 
Solumns Dl through DLO show the oalculetions for the 
weight of air per vount of fuel and the weignt of the 
total combustion products per pound of fuel. 
Columns Dll through D16 show the calculations for Ry, 
GOluans D1Y through D26 show the caleculatiens for Oy 
and Kg using information obdtaineé from the graphs of 
Cp for the ocrofucts of combustion and the formula 
a e. 62 
y v-l OU 


I ¢ 
or K es a : 
wr °p “1 
Goluans D2? through P33 show the ealculations for nozzle 
throat velocity and turbine efficiency. 
Colunns 024 through D41 show the ealeulations for turbine 
WOrKe 


In the same manner ae in sAnopenfix I an overall heat 


vXelanee gives: 
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ILD 
(Cole 241) (Wp) + (44.60 - £(001.b41)] wy + Gol.b4l1 -44.60 2 U 
let a» Col. P41 Let b © 44.60 - 2{(Col. 041) 
let @ ws Col. 141-44.60 


ané solve for Wy 


Jolamns D42 through D592 shew the ecaleulation for Wh in 
pounte of sir ser poant of cowpreowor air. 
In the seme manner as in appendix 1 
nea'Ye x Ny X 02055 
Coluans P51 ant P52 show tiie caleculetion for thermal 


efficiency. 





[ILD 


D1 DR ad 4 U5 TS 
ha Free Op 
Bh 15316. 54 Col. DS total Op Cal. D5 
HO minug $ Col. D4 minus 
4 2 Cole b2 268.38 K 023 *2 466 
0 0 18316, 54 bide 14 15.672 12. 206 
1 1553.6 16762. 94 62.36 14.743 10.377 
2 4107.2 15209, 34 56258 13.013 32547 
3 4660.5 13655274 50.30 11.604 8218 
4 6°14.4 1210°?.14 45.02 10.455 62839 
bs) 7768.0 10543. 54 29» 24 9.025 30 053 
6 9321.6 6995.14 53246 72696 4.230 
7 10875, 2 7441.54 27.68 6.366 2.900 
3 12426.8 $3837.94 21.90 52037 1.571 
9 139382.4 334034 16.12 40708 Ue 242 
10 # 15536.0 2730674 10555 8.580 -- 
Dl D7 b8 D9 DLO DLL 
" K O rotal 79 
2 2 comb.orod. 501.D6 
C01. D4 CO Col. DL 701-.D64C001. P74 x 
x x 77 2 + 1.35 vUoel.V6400l.'9 48.31 
0 52.468 Se 116 1655 6914 998-67 
1 48.017 3e116 eo SS 64.36 O22 47 
2 42.567 %e 116 Ge 3D 59. 58 461.22 
2 33.2116 Se ll6 4.35 04.80 397.01 
4 54.565 Zell 9009 59.202 322.81 
5 40.215 4.116 Be 35 45024 268.56 
6 25.764 Se 116 7.%§ 40.46 P14. 35 
7 21-314 %e116 8.35 35-0 63 140.10 
8 16.863 e116 9.35 3090 75-90 
9 12.412 e116 10,35 26.12 
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D1 p12 13 p14 "15 516 
Ny GO» H#e° = Potel Col. P12 Pe 

Gol. D9 Col. 28 Col. D9 + Col.ple + SOL DLS 
x x 55.16 x 35.13 x 85.81 %301.9134701.014 Tol. TIO 
0 2894.13 109.47 115, 84 3709.11 53.65 
1 2648.62 109.47 201.65 3465-21 54.15 
2 240%, 16 109.47 287.46 3261.31 54.74 
3 2157.64 109.47 B7T— 27 3037-29 55.42 
4 1912.12 109.47 459.08 2517.48 56.25 
5 1666. 66 109.47 544.589 2565, 58 57.24 
6 1421.14 109.47 620.70 2365. 66 58.45 
7 1175.68 109.47 716.51 2141.76 60.03 
6 930.16 109,47 B02, 52 1917.85 62.07 
9 684. 65 109.47 886.1% 1693.94 64.35 
D1 D1? DIS p19 p20 p21 

°s Ms 005 He fotal col.P17 

Gol. D6 Col. DF Cois FB Col. 29 + Col.epid 4 
x K 2084 KX elh775 xX 62936 K «S426 201. 5194C91L. D2 
0 $1540 14,5599 09149 » 7328 13. 3616 
\ 2.8106 13.3747 0 9149 ° 2756 18.3267 
2 204669 12.0896 ° 9149 1.8184 17.2900 
3 2.1235 10.8547 29149 2.3612 Lo. 2545 
4 1.78601 9.6195 09149 2.9060 15.2185 
3 1.4%64 6 _%447 09149 364468 14.1428 
é 1.0930 721495 29149 3.9896 13.1470 
7 0 7494 5.9146 29149 4.5524 12.1118 
8 2 4059 4.6795 09149 5.0752 11.0755 
9 20625 304443 02149 5.6180 10.0397 
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D22 D23 p24 D25 D26 
Col. D21 7178 Gol. D23 x Gol. D24 Col. D24 
ol. 201. Col. P22 minus 1 ol. 
2800 14.50 4.060 3.060 1.327 
«2848 14.37 4.093 3.093 1.323 
2902 14.21 4.124 3.124 1.320 
2966 14.04 4.164 3.164 1.316 
3042 13.83 4.207 3.207 1.312 
3126 13.59 4.248 3.248 1.308 
3249 13-31 4.324 3.324 1.301 
3394 12. 96 4.399 3.399 1.294 
3584 12.53 4.491 3.491 1. 286 
3845 12.00 4.614 3.614 1.276 
D27 D28 D29 D30 D321 
Keke kgRex 32.17 ' 
Col.D26 x 1760 « n ft/sec. 
145 gels col. Dee aeLeeT col. D30 
1.1635 71.194 4,030,933 3,464,489 1861 
1.1615 71.640 4,056,185 © 3,492,194 1869 
1.160 72.257 4,091,119 3,526,327 1878 
1.158 72.946 4,130,130 3,566,606 1889 
1.156 73.800 4,178,482 3,614,604 1901 
1.154 74.870 4,239,065 3,673,366 1917 
1.1505 76.043 4,305,479 3,742,268 1934 
1.147 77.679 4,398,107 3,834,444 1958 
1.143 79.822 4,519,442 3,954,017 1988 
1.138 82.749 4,685,165 4,117,017 2029 
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D1 D3e 533 
Tn *y 
x BSEoNsT Pige® 
0 e517 61.8 
» . e315 61.9 
2 «513 62e1 
3 e510 6243 
4 0507 62.5 
5 e 902 62.5 
6 e498 6320 
7 e692 6302 
8 e464 63-5 
9 0475 63.28 
DL DS37 938 
At 
1760 T01e U37 
minus x‘ 
x Sol. 236 GOL. 0S3 
0 310 191.5 
1 308 190.8 
2 3506 190.0 
3 303 189.0 
4 309 137.5 
5 299 156-0 
G 292 164.9 
7 28 152.0 
5 232 179.9 
9 275 175-5 
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wee 035 036 
ko1 lo! 
~~ ko : 
RoLbee —t.20 *  BOLDe 
o 2465 1.215 1450 
° 244 1.212 1452 
© 242 Le 210 1454 
° 240 Le 26 1457 
238 le 206 1460 
0 2355 le 204 1463 
° 2315 Le 200 1468 
© 227 1.196 1472 
© 222 1.291 1478 
02165 1.186 1485 
D39 p40 pal 
L, ~ 
Bbu/1%. Zombeprot a 
Gol. P38 Cole DIO. Gol. D40 x 
x Gol.eD22 Col. PD Cole P39 
DibeG 1.014 5404 
Food ue O32 56.1 
5502 1.053 53.1 
5501 1.079 S005 
57.0 Le lll 6304 
5SSel L. 153 67.0 
5908 Le 210 7204 
61.8 Le 29 7907 
6402 141 90.5 
6765 Le 62 10963 
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rl n42 D4” D44 245 D46 p47 
b= Qs vp? = 4ece4 x b= 400 = 
2x 44.60 = Col. N41 ColeD43 Cole D41x Col. DAS 
x ColeP41 Col.P42 -44.60 x GoleD43 401.044 - Col. D46 
0 108.8  ~64.2 9.8 4122 2130 1992 
‘1 112.2 -67.6 11.5 4570 2585 1985 
2 116.2 “71065 13.5 5127 2143 1984 
4 121.0 -7604 15.9 9637 3345 1992 
4 126.8 -82.2 16.8 6757 4765 1992 
5 134.0 “39.4 22.4 7992 6005 1967 
6 144.8 -100,.2 27.8 L0040 8050 19990 
7 15924 114.6 35e1 13179 11200 1979 
8 161.0 -136.4 45.9 18605 16600 2005 
9 218.6 -174.0 647 30276 28 500 1976 
| DL 246 049 DSO B61 O52 
Ve" - aa Wy lbs. air 
b - 4ae minus per 1d. Eff. 2 
Square $601.D4353 comp. alr fol. DSO Sol. DSL 
root minus Col. P49 x x 
x 301. D47 Gole548 Col. Col. D4 0 23309 
0 44.6 19.6 » 180 L2. 28 2.86 
1 44.6 2300 e 208 12.78 2-98 
2 44.6 2720 e252 15.15 3207 
3 44.6 31.8 0 263 15. %8 $12 
. 44.6 2746 0297 13.33 tel2 
5 44.6 44.8 .334 12.02 %¢04 
6 44.6 55.6 . 384 12.87 2.00 
7 4465 7063 6441 12.21 2087 
8 44.8 91.6 © 506 11.09 22 585 
9 44.5 123.5 592 9.56 260 
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Appendix & 


Tablenm of enlculations assuming 2 compressor 


preasure ratio of 2.209 and a burner temperature of 1660°R 


‘at point 1 on Figure 1. 19660 RPM e 963 ft/sec. 
Temperature rise “actor 2= 35 

Toe 2 530 + .%5(530) « 715.5 Re 

Using Necks Gas Tabdles 

18394.2 = 1499.7x = 240.3 “aq 


Colunmna £1 throug) £10 show tne cal culationa for the 


weight of air ner pound of fuel anc the weight of 
total combustion profucts per pound of fuel. 

Solumns £11 through £16 show the calculations for 
Columns £17 through 226 show the caleulations for 
and kg using information obtained from the graphs 


Cy for the products of combustion end the formula 


: oe 
". = k- T 
J Oy 
or Kk = = 
T pel 


Columns 227 through 533 show the caleuletions for 
throat velocity and turbine efficiency. 
Coluans ©34 through 241 show the ealeulations for 


worke 


the 
Re, 


Gp 
ef 


tur bine 


In the same manner as in Appendix 1 an overall neat balance 


gives: 
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[is 
(Col. #41) (My) + [44.60 - 2(Col. £41.)} yt COle N41 - 44.60 = 0 
let a # Col. #41 let b = 44.60 - 2(Col. 241) 
let @ w Col. t41 - 44.60 
and solve for Wy 
Columns 242 through £50 show the caleulations for Wp in 
pounds of air per pound of compressor air. 
In the same manner eas in Appendix 1 
neh, x By X - 2535 
Columns 051 and O52 show the calculations for thermal 


efficiency. 
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£1 e2 BS aA £5 
We Total Oo 
Ah 18394.2 Gol. a3 Col. ué4 
x Oo minus z x 
2 Col. 52 240.8 . 23 
0 0 18394.2 76.39 17.570 
1 1499.7 16894.5 7016 16.137 
2 2999.4 15394.8 65.93 14.704 
3 4499.1 1389521 57.70 13.271 
4 5998.8 12395.4 51.48 11.840 
5 7498.5 10895.7 45-25 10. 408 
6 8998.2 9396.0 39.02 8,975 
7 10497.9 . 7896.3 32.79 7.541 
8 11997.6 ° 639666 26. 56 6.109 
g 13497.5 4896.9 20.74 4.679 
10 14997.0 3397.2 14,11 3.245 
Ll 16496.7 1897.5 7.88 1.812 
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sl £6 ay “B a flo 
ano x “° some eves 
x minus Col. %4 CO Gol. BL Gol. 464001. 574 
32466 x 277 P $1.35 Gol. sd4001. 59 
0 14.104 58.820 3.116 1635 22s«77 39 
1 12.671 54.02% 3.116 2.35 72.16 
2 11.238 49.226 Se 116 3025 66.93 
3 9.805 44.429 50116 4.35 61.70 
4 8.274 39.640 3.116 5.35 56.48 
5 6.942 34.842 Se 116 6.35 51.25 
6 5. 509 30.045 3.116 7.35 46.02 
7 4.075 25-248 Be 116 8.35 40.79 
g 2.643 20.451 3.116 9.35 35-56 
9 1.215 15.662 3.116 10.35 0634 
el 11 g12 213 ela 215 
% > G0, 1,0 total 
Cole 56 Col. E? Col. #8 Cole BF Col. #114701. 512 
x x 48.31 x 55.16 x 35013 x 85.81 4Col. #134001. £14 
O. 681636 3244.51 109.47 115,84 4151.16 
1 612.14 2979.91 109.47 201465 3907.17 
2 542.91 2715.31 109.47 287.46 3655.15 
3 473.68 2450.70 109,47 $73.27 $407.12 
4 404055 2186.54 109,47 459.08 3159.64 
5 $35.37 1921.68 109,47 644.89 2911.61 
6 (266.14 1657.28 109.47 630.70 2663. 59 
7 (196.86 1592.68 109.47 716.51 2415.52 
8 127.68 1129.06 109.47 802. 32 2167.55 
9 58.60 863.92 109,47 886.13 1920.12 
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£1 516 : 517 £18 419 420 
Ry °° Ne G0» “- 
ets os tess 2 2799 «x 3895) x 25893 
0 53.64 3.6050 16.1108 .9021 » 7200 
L 54.09 3.2387 14.7969 = «9021 1, 2533 
2 $4.61 2.8724 1364830 9021 Le 7866 
2 55222 265062 12.1691 29021 2e 3199 
4 55. 94 2.1404 10,8574 e30ZL 208532 
§ 56.51 1.7744 9.5432 29021 Be 3865 
6 57.86 1.4081 Ue 2293 e 9021 %e 9198 
7 59.22 1.0416 6,9154 .9022 4.4531 
8 50.95 06756 526015 09021 4.9864 
9 63.29 e 3100 4,2398 e 30241 5e 5197 
wl B21 B22 B23 g24 B25 
Total , - - “P - o*s 


D 
GoleH17¢Col. N18 Col. 21 776 Coleh23 x Gole 24 


x +Co0l.#194901. 820 Gol.t10 GollTEl§ Gol. #22 minus i 
0 21.3379 sg 2757 14.50 3.996 2,996 
1 20.1910 22798 8=s «14.58 4,024 3.024 
2 19.0441 02845 14.25 4.067 50067 
3 17,8973 .2901 14,09 4.088 %. 088 
4 16.7531 2966 13.92 4.126 Se. 126 
5 15.6062 3045 13.69 4.169 3.169 
6 14.4593 3142 13644 4,223 3. 223 
7 13.3122 o 3264 13. 14 4.289 5-289 
8 12.1656 <3421 0 8=—s: 12.76 4.365 3-365 
9 11.0216 ° 3635 12.29 4.465 3.465 
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El £26 527 £28 B29 530 e3l 
: Kote = kRx32.17 
g Col. =26 x 1660 « _ Yn ft/sec. 

x Sor as AS col. S16 Gol. S28 Sort na Ysol. E30 
0 1.334 1.167 714556 3,821,234 3,274,408 1810 
1 16331 1.1655 71.994 %,844,624 3,298,690 1616 
2 1.327 1.1635 72.467 3,869,883 3,226,070 1674 
3 16324 1elG2 730121 3,904,274 3,359,960 1833 
4 1.320 1.160 73.841 3,945,257 5,399,359 1644 
5 1.316 1.158 74.762 3,992,440 3,447,703 1857 
8 16310 1.155 75.823 4,049,100 3,505,714 1672 
7 1.304 1.152 77.223 4,123,863 3,579,742 1892 
8 1.297 1.1485 179.052 4,221,535 3,675,694 1917 
3 1.289 1.1445 81.581 4,556,589 3,606,543 1951 
£1 £32 832 34 B35 436 239 

Tn ; "op = *ob 1660 

963 from (Gol. 226-1 k-1 1660 minus 
x WGolemol Vig. 2 Gol.E26 2.20 k ole BS5 Gol. 836 
0 2532 60.7 © 250 1.218 1364 296 
L 530 60.8 0 249 1.217 1365 295 
2 523 61.0 22465 1.215 1366 294 
% 2525 61.2 02445 1,213 1368 292 
4 ° 522 61.5 2° 242 Le 210 1371 289 
5 2519 61.7 2 240 Le 208 1374 286 
6 2514 62.0 02365 1,205 1378 282 
7 » 509 6263 0233 1.202 1381 279 
3 » 502 62.8 229 1.198 1385 275 
9 0494 6302 224 1.193 1390 270 
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El 2398 £39 540 541 542 
3 Ratilo Top 
Ot act BStu/ld. com be PEO’: Btu/1>. 
Gol. £57 E88 inies str inlet air 
x 901.538 x Cole 210 Cols M0 x 22 
GOLe BOO Gole 322 sOhke i Cole KE 89 Cale b41 








x 
0 179.8 49.5 1.011 50.1 100.2 
1 179.3 2= 5302 1.030 51.7 103.4 
2 179.8 51.0 1.047 53.4 106.8 
3 178.8 51.9 1.070 5505 111.0 
4 178.0 52.8 1.097 57.9 115.8 
5 176.5 53.8 1.132 61.0 122.0 
6 (175.0 54.9 1.180 64.8 129.6 
? 173.8 5607 1.244 7026 141.2 
a 172.8 59.1° 1.340 7902 158.4 
9 170.8 62.0- 146490 92.4 134,8 
al 243 344 S45 246 ua? 
bs es os e"« sen 
44,60  Gol.B4l Col.f43 ¢4¢a¢ = 4% Col. B45 
minus minus 7 Cole #41 sinus 
x Col. B42 44.60 Gol.i43 x Col.%44 Gole 46 
0 ~55.6 505 3095 Li0e 1993 
1 ~58.8 Tel 3460 1469 1991 
2 -62.2 8.8 3870 1330 1990 
z -66.4 10.9 4410 2420 1990 
4 -71.2 12.3 5070 430 2040 
5 2974 lb 5985 4000 1985 
6 “85.0 20.2 7220 5235 1985 
? “96.6 26.0 9340 7340 2900 
3 -113.8 5446 12930 19970 1960 
9 -140,2 47.8 19650 17680 1970 
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El 345 249 1) SSL £52 
Wy Los.air 


Y minus per 1b. 
bB- 4acz Col. 543 eompe f2ir Col. £50 eff. = 


, minus Gole “49 x G@le SO] 
Sole 47 Gol. 248 Col.” 42 GOle B4 x 22435 





=== 6 gerne peal tieee 
0 44.6 11.0 e L097 Be 36 1.95 
i 44.6 1422 21371 9261 20245 
2 $4.6 172.6 ~ +1650 LO, 54 2¢460 
D 44.6 21.8 'e 1963 Li. 23 2e 645 - 
4 45.1 AGel e@ 2255 11.461 20710 | 
5 4426 a2 —8 '@ 2685 12.18 2.840 
6 4466 40.4 (e312 12. 18 20340 - 
7 44.7 51.9. e 3670 12-20% 2eBL0 - 
8 4404 6904 ©4500 Li.62 20713 - 
9 44.5 2527 eS175 10.52 2e 455 
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